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Stress-free composite substrate and method of manufacturing such a composite substrate 



The invention relates to a composite substrate comprising a carrier composed 
of a carrier material, a first layer composed of a first material, and an intermediate layer 
composed of a second material being located between the carrier and the first layer. 

The invention further relates to a method of manufacturing such a composite 

substrate. 



Silicon-on-insulator (SOI) comprises a silicon wafer with a thin insulating 
layer, generally an oxide layer such as silicon dioxide, buried in it. Devices or integrated 
circuits are built into a thin layer of silicon on top of the buried insulating layer, the silicon 
layer also being called a device layer. 

SOI substrates provide superior isolation between adjacent devices in an 
integrated circuit as compared to devices built into bulk silicon wafers. This is due to 
elimination of latch-up in CMOS devices, a condition in which significant current flows 
between NMOS and PMOS structures. SOI devices also have e.g. an improved performance 
due to reduced parasitic capacitances. 

Nowadays, some restrictions limit a main stream applicability of SOI wafers. 

First, the thermal expansion of silicon (26xlO" 7 /°C) and of thermal silicon 
dioxide (5xlO" 7 /°C) are so different from each other, that an SOI wafer shows a significant 
amount of compressive stress in the silicon dioxide layer, and tensile stress in the thin silicon 
device layer. The larger the SOI wafer, the more severe this problem is. For 300 mm 
diameter SOI wafers, this is a serious problem. Experiments have shown that integrated 
circuits on SOI can suffer substantially from severe stress corrosion due to this tension/stress 
profile. The problem of stress due to bonding in SOI wafers is described a.o. in W. P. 
Maszara et al., "Role of surface morphology in wafer bonding", J. Appl. Phys. 69(1), p.257- 
p.260, 1 January 1991 . In this document, local stresses due to the bonding process are 
estimated to be about 1x10 s dynes/cm 2 . This stress is reduced about 100 times for thin 
(0.5 jam) SOI films. 
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Secondly, the properties of SOI do not yet surpass bulk-silicon properties 
sufficiently in such a way that the extra costs for manufacturing of SOI justify its application 
on a large scale. Therefore, SOI is, so far, not yet cost-competitive with bulk silicon. 

It is known from US-5281834 to bond a non-silicon substrate to a silicon 
5 substrate with a stress-relief layer between both substrates, which stress-relief layer reduces 
the stress between both substrates. The stress is created by the difference in thermal 
expansion coefficients between both substrates. The stress-relief layer is a low melting-point 
metal, a semiconductor layer having its thermal expansion coefficient close to (preferably 
within approximately 25%-35% of) the thermal expansion coefficient of the non-silicon 

10 substrate. Such a stress-relief layer is what is called a compliant layer, see Haisma et al., 

Materials Science & Engineering Reports R37 (2002) 1-60, specifically p.47 and 51-52 and 
the literature cited therein, where misfit-transforming bonding is described. In such cases 
dilatation-misfit is not eliminated, merely somewhat diminished by stress transfer from an 
active semiconductive layer to a passive intermediate layer. Such an intermediate layer is a 

1 5 stress-buffering layer, whereby, within certain limits, occurrence of dislocations in the active 
material is prevented. 

US-5102821 describes a method of forming an SOI wafer from two individual 
wafers by bonding, whereby the integral wafer bonding process is said to be less sensitive to 
particulates (to prevent voids), surface flatness and polishing circumstances. The method 

20 comprises forming a layer of metal on a carrier, forming an insulator on a second wafer, 

forming a bonding layer over the insulator, anisotropically etching the bonding layer, forming 
chambers in the bonding layer, stacking the first and second wafers with the metal against the 
second wafer's bonding layer, forming a chemical bond between the metal layer and the 
bonding layer in a vacuum chamber, thereby creating micro-vacuum chambers between the 

25 wafers, and selectively etching the second wafer to form a thin semiconductor layer. It is a 
process, comprising a grid with distributed vacuum holes. The grid itself is dilatation 
mismatch sensitive because the linear dimensions remain intact and therefore it manifests 
itself not as a compressive-stress-free nor as a tensile-stress-free layer. So, the structure 
suffers from stress and strain in the different layers. This cumbersome bonding process is not 

30 high-end silicon-technology compatible due to the intermediate metallic layer, even if it has 
been sandwiched between diffusion-resistive layers. 
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It is an object of the invention of the type mentioned in the opening paragraph 
to obtain a composite substrate that is substantially stress free. 

The object according to the invention is achieved in that the first material has a 
dilatation behavior being substantially the same as that of the carrier material, and having a 
5 dilatation mismatch with the second material, the intermediate layer having structures of 
second material for absorbing stress originating from the dilatation mismatch. 

In case the second material of the intermediate layer has a dilatation that is 
different from the carrier material and the first material, there is a dilatation mismatch. The 
dilatation mismatch results in stress. This stress is usually strongest close to the transition 
10 between the materials having a dilatation mismatch. The stress is relieved in the structures 
being present in the intermediate layer. The structures can elastically deform and can 
therefore absorb the stress. The first layer has no or very few defects and devices 
manufactured in it have improved electrical characteristics. 

Preferably the structures extend through the thickness of the intermediate layer 
15 in order to improve the absorption of stress originating from the dilatation mismatch between 
the carrier material and the second material of the intermediate layer. The structures have a 
free surface, which can elastically deform. Stress and strain can easily be relieved at the free 
surface. Dislocations move to the surface and disappear from the structures. The result is a 
stress free first layer. 

20 The extension of the structures in the carrier improves the stress and strain 

relaxation. Especially at corners the stress is usually high. By burying the corners in the 
carrier material, the enhanced stress in the corners is no longer located near the interface 
between the carrier and the intermediate layer. Moreover the increased free surface of the 
structures improves the stress relieve. 

25 A stress free composite substrate can be obtained when the carrier material is 

the same as the first material. The composite substrate no longer suffers from warp. 

The carrier and first materials may be semiconductors, such as for example, 
but not limited thereto, silicon. 

The second material of the intermediate layer may be an amorphous material. 

30 The second material may comprise an oxidized semiconductor material, such as silicon 

dioxide. The second material may comprise thermally oxidized semiconductor material, such 
as thermally grown silicon dioxide. By doing this, a stress-free first layer on top of stress-free 
structures is obtained. On insulating material, the stress in the first layer is usually tensile 
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stress, because the dilatation of the insulating material is usually much less than the dilatation 
of semiconductor material. 

The structures of the composite substrate may be generated by patterning the 
intermediate layer by applying millimeter, micrometer or nanometer structural texturing, or 
by applying imprint lithography. The structures may be obtained by reactive ion-etching. 

The intermediate layer and the carrier lay in a plane. The dimensions of the 
structures in the plane of the intermediate layer may be of millimeter, micrometer or 
nanometer order of magnitude. The structures may have a line-symmetric shape in a cross- 
section perpendicular to the plane of the carrier. The structures may have a symmetrical 
shape in a cross-section parallel to the plane of the carrier, for example a circular, square, 
rectangular or rhombic shape. 

The second solid-state wafer may be contact bonded, direct bonded and 
annealed, or covalently bonded to the structures of the intermediate layer. 

It is advantageous for stress relieve when the dimension of the structures are 
between 10 urn and 10 run, preferably between 100 nm and 25 nm. These structures can 
easily elastically deform. 

According to an embodiment of the present invention, a composite substrate 
according to the present invention may be a silicon-on-insulator (SOI) substrate, comprising 
as a carrier a silicon substrate, as an intermediate layer an insulation layer provided with 
structures, and as a first layer a silicon wafer secured, for example by bonding, to the 
structures of the insulation layer. The silicon wafer may be thinned to a required thickness for 
a SOI device layer. 

It is a further object of the invention to obtain a method for producing a stress- 
free composite substrate, which method is compatible with semiconductor processing. 

The object according to the invention is achieved in that the method to relieve 
stress in a composite substrate, comprises the steps of: 

providing a carrier, composed of a carrier material, with on top thereof an 
intermediate layer of a second material, 

forming in the intermediate layer structures which extend through the 
intermediate layer, 

bonding on the intermediate layer a first substrate of a first material having a 
dilatation behavior being substantially the same as that of the carrier material. 

The structures can be free-standing before the first wafer is bonded. After 
bonding a stress-free first wafer on top of the structures is obtained. Stress originating from 
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the dilatation mismatch between the first layer and the second layer is absorbed in the 
structures of the intermediate layer. The first substrate may form a device wafer, possibly to 
be thinned, of a first material. Therefore, the first layer has no or very few defects and 
improved electrical characteristics. 
5 Preferably the structures are formed into the carrier. The extension of the 

structures into the carrier increases the free surfaces area of the structures, which facilitates 
the stress relieve. Preferably the comers in the carrier are gradual to reduce stress. 

The carrier material and the first material may be the same material in order to 
prevent warp. The carrier material and the first material may be monocrystalline, for example 
10 isotropic monocrystalline material. If they are monocrystalline, the carrier material and the 
first material have a crystallographic orientation, wherein the crystallographic orientation of 
the carrier material and the first material may be the same. The carrier material and the first 
material may be semiconductor materials, such as for example, but not limited to, silicon. 

The second material may be an amorphous material. The second material may 
15 comprise an oxidized semiconductor material, such as silicon dioxide for example. The 

second material may comprise thermally oxidized semiconductor material, such as thermally 
grown silicon dioxide. 

The structures of the composite substrate may be generated by patterning the 
intermediate layer by applying millimeter, micrometer or nanometer structural texturing, by 
20 applying imprint lithography or by self-assembled structuring techniques. The structures may 
be obtained by reactive ion-etching. 

According to an embodiment of the present invention, the forming of the 
structures may be executed by integrally patterning the structures over the intermediate layer, 
i.e. by patterning the structures all over the intermediate layer. 
25 According to another embodiment of the present invention, the forming of the 

structures may be executed by distributedly or locally patterning the structures in clusters 
over the intermediate layer, i.e. by patterning the structures only on those locations of the 
intermediate layer where they are necessary, or at locations where stress is likely to occur. 

The patterning may comprise applying millimeter, micrometer or nanometer 
30 structural texturing, preferably structural texturing of the intermediate layer well into the 

carrier material. This means that the structures are free-standing pillars or similar geometries 
of the second material on top of the carrier of carrier material. 

Alternatively, the patterning may comprise applying imprint lithography. The 
structures may be obtained by reactive ion-etching of the intermediate layer. 
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The intermediate layer and the carrier lay in a plane. According to the present 
invention, the forming of the structures may be such that the dimensions of the structures in 
the plane of the intermediate layer are very small, e.g. of millimeter, but preferably of 
micrometer or nanometer order of magnitude. The forming of the structures may be such that 
5 the structures have a line-symmetric shape in a cross-section perpendicular to the plane of the 
carrier. The forming of the structures may be such that the structures have a symmetrical 
shape in a cross-section parallel to the plane of the carrier, e.g. a circular, square, rectangular 
or rhombic shape. 

The dimension of the structures may be between 10 jim and 10 nm, preferably 
10 between 100 nm and 25 nm. 

The bonding of the first wafer on the intermediate layer may for example be 
executed by contact bonding, e.g. by direct bonding and annealing, by ultra-high vacuum 
bonding or by covalent bonding. Before the bonding process takes place, native oxide on the 
first wafer is removed, e.g. with ozone in a vacuum chamber. 
15 A method according to the present invention may furthermore comprise 

Ihinning the first wafer to an adequate device-layer thickness, e.g. to a required thickness for 
an SOI device layer. The thinning may be executed by electrochemical means, by means of 
grinding and defect-free polishing, or by means of adequate ion-implantation and low- 
temperature annealing. 

20 According to an embodiment of the present invention, a composite substrate 

according to the present invention may be a silicon-on-insulator (SOI) substrate, comprising 
as a carrier a silicon substrate wafer, as an intermediate layer an insulation layer provided 
with structures, and as a first layer a silicon device wafer which is bonded to the structures of 
the insulation layer and subsequently thinned to a required thickness to be used as a SOI 

25 device layer. 

The present invention also provides the use of a method according to the 
present invention for making a composite substrate e.g. a solid-state material-on-insulator 
substrate, more specifically a semiconductor-on-insulator substrate and still more specifically 
a silicon-on-insulator substrate. 
30 These and other characteristics, features and advantages of the present 

invention will become apparent from the following detailed description, taken in conjunction 
with the accompanying drawings, which illustrate, by way of example, the principles of the 
invention. This description is given for the sake of example only, without limiting the scope 
of the invention. The reference figures quoted below refer to the attached drawings. 
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Fig. 1 is a schematic vertical cross-section of a silicon wafer. 

Fig. 2 is a schematic vertical cross-section of a thermally oxidized silicon 

wafer. 

Fig. 3 is a schematic vertical cross-section of a thermally oxidized silicon 
wafer provided with structures according to an embodiment of the present invention. 

Fig. 4 is a schematic vertical cross-section of the device of Fig. 3, onto which 
a further silicon layer is bonded. 

Fig. 5 shows the structure of Fig. 4 after thinning of the device wafer. 

The present invention will be described with respect to particular 
embodiments and with reference to certain drawings but the invention is not limited thereto 
but only by the claims. The drawings described are only schematic and are non-hmiting. In 
the drawings, the size of some of the elements may be exaggerated and not drawn on scale 
for illustrative purposes. For example, the size of the structures in Figs. 3 to 5 is exaggerated. 

Where the term "comprising" is used in the present description and claims, it 
does not exclude other elements or steps. Where an indefinite or definite article is used when 
referring to a singular noun e.g. "a" or "an", "the", this includes a plural of that noun unless 
something else is specifically stated. 

Nano-imprint-lithography, also known as mold-assisted nanolithography, 
basically concerns the manufacture of a 'compact disc' in its finest information bearing 
details, and then imprinted into silicon. It has been described in Jan Haisma et al., "Mold- 
assisted nano-lithography: a process for reliable pattern replication", J. Vacuum Science & 
Techn., B14 (1996), 4124-4128. 

Nano-imprint-lithography is a process for producing devices with dimensions 
of structures having dimensions below 100 tun. It is a two-step process: first, an imprinting 
step is carried out, after which pattern transfer is realized through e.g. wet or dry etching into 
the substrate material. During the imprinting step, a mould with nanostructures on its surface 
is used to deform a thin resist film or an active material deposited on a substrate. The resist 
can be a thermal plastic, a UV-curable or thermal curable polymer, or some other suitable 
deformable material. The image transfer system consists of only a heating source or a UV 
light source, which is very simple and cheap compared with the sources (light or particles) 
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and lenses of other processes to make small structures, such as for example extreme-UV 
lithography, ion-beam projection lithography, x-ray lithography or electron-beam 
lithography. In the pattern-transfer step, an anisotropic etching process such as reactive ion- 
etching (RIE) is used to transfer the microstructure pattern into the substrate-material and to 
remove the residual resist in the compressed area, transferring the thickness variety pattern 
created by the imprint into the entire resist, i.e. for the lowest parts entirely into the substrate- 
wafer material. 

For nano-imprint-Uthography, first a mould is made e.g. with an Electron 
Beam Pattern Generator (EBPG). The EBPG draws patterns on the mould material using 
electron beam technologies, by switching the electron beam on and off in a vacuum, and by 
moving the stage on which the drawing object (the mask) is set. 

As represented in Fig. 2 of J. Haisma et al, "Mold-assisted nanolithography: A 
process for reliable pattern replication", J. Vac. ScL Technol. B 14 (1996), p. 4124-4128, the 
surfaces of the mould and the substrate are cleaned and are provided with a release layer, for 
example Montacell C from Seppic, Paris, France, which can be applied by means of 
immersion, and a primer, respectively. Then copies are made from this mould. A thin layer of 
aUV-curable material, e.g. 1,6-hexanediol-diacrylate (HDD A), including dimethoxy-phenyl- 
acetophenone (DMPA) as a photoinitiator, is applied to the substrate by means of spin 
coating. The mould and the substrate are aligned and are pressed together. The HDDA is 
solidified through UV exposure. The mould is removed from the substrate. An etch back of 
the HDDA, e.g. in an 0 2 /He plasma, is realized to open the recessed structures completely. 
The HDDA layer is then used as a mask for processing the substrate further. The obtained 
pattern is then imprinted into Si or Si0 2 . Thereafter, the remaining HDDA can be stripped, 
e.g. via dry (oxygen) plasma etching or wet chemistry. 

The resolution of nano-imprint-lithography is determined by the mechanical 
strength of the mould and polymer. As described in "Nanoimplint Lithography and 
Lithographically Induced Self- Assembly", Stephen Y. Chou, MRS Bulletin, July 2001, when 
using a silicon dioxide mould and polymethyl methacrylate (PMMA) resists, holes 6 nm in 
diameter and 60 nm deep in PMMA and PMMA pillars 30 nm in diameter and 35 nm tall 
have been achieved using nano-imprint-lithography. Furthermore, it is mentioned in this 
document that, with a suitable resist and mould, the resolution of nano-imprint-lithography 
can be below 5 nm. 

Nano-imprint-lithography has the characteristics that it is small, it is 
economical and it is compatible with semiconductor technology. 
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Different kinds of nano-imprint-lithography imprinting machines are described 
in the article from MRS Bulletin, July 2001, by Chou: a single-imprint machine which 
imprints a single wafer at one time, a step-and-repeat machine which imprints a small area 
(called a die) of a wafer at a time and then moves to a new area of the wafer, and a roller 
5 machine, either using a cylindrical mould or using a smooth roller over a flat mould. 

According to an embodiment of the present invention, a combination of nano- 
imprint-lithography and direct bonding provides a reasonably cheap method of making 
tensile stress-free SOI. 

An embodiment of the method of the present invention is as follows, as 
10 represented in Fig. 1 to Fig. 5. 

In a first step, a carrier 2, such as a substrate or silicon wafer, is present, as 
shown in Fig. 1. In embodiments of the present invention, the term "substrate" may include 
any underlying material or materials that may be used, or upon which an insulating layer may 
be formed. In other alternative embodiments, this "substrate" may include a semiconductor 
15 substrate such as e.g. a doped silicon, a gallium arsenide (GaAs), a gallium arsenide 

phosphide (GaAsP), a germanium (Ge), or a silicon germanium (SiGe) substrate. The term 
"substrate" is used to define generally the elements for layers that underlie an insulating layer 
of interest. Also, the "substrate" may be any other base on which a layer is formed, for 
example a glass or metal layer. In the following, processing will mainly be described with 
20 reference to silicon processing but the skilled person will appreciate that the present 

invention may be implemented based on other semiconductor material systems and that the 
skilled person can select suitable materials as equivalents of the dielectric, semiconductive 
and conductive materials described below. 

The silicon wafer is thermally oxidized, as shown in Fig. 2. Therefore, on a 
25 free surface 4 of the silicon wafer 2, a silicon dioxide layer 6 is formed. 

In a second step, as represented in Fig. 3, the oxidized surface 6 is patterned 
thereby forming structures 8 by nano-imprint-lithography as explained herein above. The 
structures may have any suitable shape, such as e.g. a pillar shape or a truncated pyramid 
shape. The structures 8 preferably have a diameter in the order of between 10 |wn and 10 nm, 
30 more preferred between 100 nm and 25 nm. 

This nano-imprint pattern is imprinted, for example by reactive ion-etching, 
firstly into the Si0 2 layer 6, and next through the Si0 2 layer 6 into the silicon of the substrate 
wafer 2. This means that the structures 8 are free-standing SiC>2 pillars on top of substrate 
silicon 2. 
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This patterned wafer is bonded by direct bonding, or by covalent bonding, to a 
device wafer 10, as shown in Fig. 4. Before bonding, the surface of the device wafer is 
cleaned. Native oxide is removed by ozone in a vacuum chamber. 

The bonded device wafer 10 is thereafter thinned to a required SOI thickness 
(see the dashed line in Fig. 4) so as to form a device layer 12 of the SOI, as shown in Fig. 5. 
This thinning may be done e.g. by a smart cut, or in any suitable way known to a person 
skilled in the art to obtain a thin device layer 12. 

The result is a tensile stress-free thin silicon layer 12 on top of a stress-free 
insulated microstructure 8, the latter incorporated into substrate silicon 2. With tensile stress- 
free SOI is meant: insulated silicon with much better electrical characteristics than SOI 
known from the prior art. Stress-free SOI does not suffer from stress corrosion. Stress-free 
SOI gives the active elements in the upper silicon layer 12 a chance of upgrading, for 
example linearising, of the characteristics. The influence of hydrostatic and localized- 
pressure on electrical properties of several semiconductor (Si, Ge) junctions like: p-n, p-i-n 
and p-s-n (s indicating "slightly doped"), transistors and diodes, has been studied 
experimentally and theoretically in great detail in the past. Reference can be made to the 
extensive investigations of K. Bulthuis, published in Philips Res. Reports 20 (1965) 415-431; 
J. Appl. Phys. 37 (1966) 2066-2068; Philips Res. Reports 21 (1966) 85-103 and Philips Res. 
Reports 23 (1968) 25-47. Large changes in the semiconductor characteristics as a function of 
pressure have been calculated, measured and explained. 

There are no or very few defects in the resulting thin silicon device layer 12. 
Thermal silicon dioxide 6 keeps a crystal structure over two to three atomic layers on the 
grown silicon side, after which the oxide is an amorphous substance. Such a thin substance is 
both very elastic and relatively plastic under local pressure. The profile of the structures 8 
will adapt themselves under stress and strain. 

As soon as bonding has been carried out, the SOI wafer can be annealed so 
that all defects of the reactive ion-etching disappear. This is, however, not necessary, as the 
pillars 8 themselves and the open space around the pillars add to the electrical insulation. The 
substrate 2 is only a carrier that does not need to be monocrystalline silicon. 

Whatever may be the temperature budget of the processing later on, significant 
tensile stress will not occur in the SOI composition according to the present invention. In 
such a set-up, if bulk silicon reaches its ultimate limits, SOI on top of structures will surpass 
bulk silicon properties in advanced dedicated integrated circuitry. 



